Magnesium based functionally graded material (FGM) was fabricated by a centrifugal method from ZK60A (Mg-5.5 mass%Zn-0.6 mass%Zr) alloy. The applied G numbers are 40, 80 and 120, where the G number is the centrifugal force in unit of gravity. The specimen shape was cylindrical with 18 mm in length. Microstructures of the fabricated FGM specimens were observed using SEM. Energy dispersive Xray analysis was performed to study the chemical compositional gradients within the fabricated FGM specimens. It was found that concentration of Zr in the specimens increases toward the centrifugal force direction, while no or quite small chemical compositional gradient of MgZn 2 appears. A hardness change along the centrifugal force direction was also found. The graded structures are caused by the difference in the formation mechanisms of compositional gradient during the centrifugal method between Zr and Zn.
Introduction
Mg alloys are very attractive in large amount of applications as light structural materials. Excellent specific strength of Mg alloys, comparable with steel, predestines these materials for applications in the automotive and aircraft industries. On the other hand, they possess negative characteristics as low creep resistance, low cold forming capability and low corrosion resistance. To overcome the above shortcomings in mechanical properties, Mg based composite materials have been developed. 1, 2) Meanwhile, a functionally graded material (FGM) is usually a combination of two materials or phases, that have gradual transition of properties from one side of sample to another side. 3) This gradual transition allows the creation of superior and multiple properties without any mechanically weak interface. Moreover, the gradual change of properties can be tailored to different applications and service environments. Although many processing methods have been proposed to fabricate FGMs, 4) a centrifugal method is one of the successful FGM fabrication methods. 5) Al based FGMs fabricated by the centrifugal method [6] [7] [8] [9] showed interesting properties that are not obtained in conventional monolithic materials, such as gradual changes in hardness, wear resistance, Young's modulus, etc. However, researches on Mg based FGM alloys are quite few and its processing is still unestablished.
In the present work, the microstructures of the Mg based FGM fabricated by the centrifugal method are studied. For this purpose, ZK60A (Mg-5.5 mass%Zn-0.6 mass%Zr) was used as a master alloy. The microstructures solute redistribution and Vickers hardness of the fabricated FGM are systematically investigated. The mechanism of the microstructural evolution and obtained properties are also discussed.
Experimental
A commercially available Mg alloy, ZK60A (Mg-5.5 mass%Zn-0.6 mass%Zr), 10) was used as a master alloy to fabricate the Mg based FGM. ZK60A alloy is usually used for wrought products. Figures 1 and 2 show the Mg-Zn and Mg-Zr binary phase diagrams after Massalski. 11) The arrows in these figures show the compositions of the ZK60A alloy.
The applied G numbers were 40, 80 and 120 and the centrifugal force was applied during the solidification of molten Mg alloy, where the G number is the centrifugal force in unit of gravity. Hereafter, FGMs fabricated under G numbers of 40, 80 and 120 are named specimens A, B and C, respectively. The ZK60A alloy was placed in a mold heated to 680 C to melt under Ar gas atmosphere, and then the centrifugal force was applied at this holding temperature. Judging from the binary phase diagrams shown in Figs. 1 and 2, it is expected that both Zn and Zr dissolve into the molten Mg alloy if the ZK60A alloy is heated to 680 C. The specimen shape was cylindrical with 18 mm in length and 13 mm in diameter. The outlines of the apparatus for the fabrication of the cylindrical FGMs are shown in Fig. 3 . During the solidification, the centrifugal force was applied. Cooling rate was about 0.05 C/s. The microstructures of the fabricated FGMs were observed using a scanning electron microscope (SEM). For microstructural observations, the samples were mechanically and chemically polished. Energy dispersive X-ray (EDX) analysis was also performed to reveal elemental composition gradient in the samples. In addition, phase identification and characterization were carried out by X-ray diffraction (XRD) method using Cu-K radiation. For the mechanical property characterization, the hardness distributions were investigated using a Vickers microhardness tester using an applied load of 300 g.
Experimental Results
Microstructures of specimens A, B and C fabricated under G ¼ 40, 80 and 120, respectively, observed by SEM are shown in Fig. 4 . (a), (b) and (c) are taken at outer, middle and inner regions toward the centrifugal direction in the samples, respectively. The direction of the centrifugal force is indicated by an arrow. As can be seen in Fig. 4 , no specific change in the evolved microstructure depending on the G number appeared. The change of the microstructures depending on sample position is, however, clear. That is, finer and larger amount of bright contrast is observed in the outer region in the samples. The results of area analysis by EDX method, carried out for each region shown in Fig. 4 , are summarized in Table 1 . It was found that Zn concentration at each region was almost the same, while Zr exists only in the outer region. Figure 5 shows the XRD patterns of specimen C fabricated under G ¼ 120. Note that a position dependence of On the other hand, bright contrast structure observed in Fig. 4 (a) (at outer region) seems to be composed of Zr and that the Zr concentration increases towards the outside surface of peripheral position. There is a tendency that the graded distribution of Zr phase is enhanced with increasing the G number. It is worthwhile to mention interesting experimental results in the distribution of Zn. There are no graded distributions for Zn in Fig. 7(b) , while the Zr has a significant graded distribution, as shown in Fig. 7(a) . The Vickers hardness was measured, and the results are shown in Fig. 8 . The hardness increases with the normalized position, since the hardness of Zr phase is much larger than that of Mg phase.
Discussion
It was revealed that Mg based FGM, which possess graded chemical compositions and mechanical property, could be fabricated successfully by using a centrifugal method. A graded chemical composition was found for Zr, but not in Zn. The Zr concentrated at the outer position of the sample.
The centrifugal method can be classified into two categories depending on the operating temperature. If the liquidus temperature of the master alloy is higher than the processing temperature, the dispersed phase remains solid in a liquid matrix during the centrifugal casting.
8) The situation is similar to a fabrication of ceramic particles dispersed FGMs, 6, 12) and the method is referred to as a centrifugal solid-particle method. 13) On the other hand, if the liquidus temperature of the master alloy is lower than the processing temperature, a centrifugal force is applied during the solidification of both the dispersed phase and matrix. 9) Latter process is similar to a production of in-situ composite using the crystallization phenomena and is referred to as a centrifugal in-situ method.
14)
The formation mechanism of the compositional gradient during the fabrication of FGM by the centrifugal in-situ method in the A-B alloy 15) is, 1) Partial separation of A and B elements in the liquid state occurs due to the density difference. 2) A compositional gradient is formed before the crystallization of the primary crystal.
3) The primary crystals in the matrix appear according to local chemical composition. 4) The primary crystals migrate because of density difference, and a further compositional gradient is formed. The above formation mechanism should be applicable for Zn in molten Mg alloy under the centrifugal force. The density of solid Zr is known to be 6.4 Mg/m 3 at room temperature and 6.3 Mg/m 3 at 727 C, 16) while that of molten Zn is 6.81 Mg/m 3 at 600 C and 6.57 Mg/m 3 at 800 C. 17) These values are much larger than the density of molten Mg (1.55 Mg/m 3 at 678 C). 17) Therefore, it is expected that both Zr and Zn should show gradient distributions within the present specimens. However, in this study, no expected gradient of such elements was found for Zn. This difference in the elemental distributions of Zr and Zn is closely related to the difference in graded mechanisms between Zr and Zn; that is, Zr and Zn distributions would be controlled by the centrifugal solid-particle and in-situ methods, respectively. In general, steeper compositional gradient appears for the centrifugal solid-particle method, since the motion of the solid-particles under the centrifugal force is governed by the Stokes' law. 18) As mentioned above, judging from the binary phase diagrams shown in Figs. 1 and 2, Zn and Zr dissolve into the molten Mg alloy if the ZK60A alloy is heated to 680
C. There is only one report available for the Mg-Zn-Zr ternary system. 19) Ichikawa reported that the effect of Zn on the liquidus surface at 700 C is negligibly small or slightly moves the composition of liquid toward the Zr-rich direction. 19) Although there is no liquidus surface evaluation performed previously for lower temperature region, a ternary invariant reaction composed of liquid phase, Mg, -Zr and Mg-Zn intermetallic phase can be expected near the Mg-Zn binary edge by taking the relatively low eutectic temperature in Mg-Zn binary system. Local bulging-out of the liquidus surface toward the ternary invariant reaction may be expected at high Zr region, which may result in the higher liquidus temperature for the present alloy than the process temperature. Although a further investigation is needed, there is no contradiction between the present consideration and the processing route of fine microstructure in ZK60A alloy by casting from a higher temperature to form a fine Zr particles, and we can conclude that the solid Zr particles exist prior to the application of the centrifugal force. The higher hardness of outer region than the inner region was, therefore, caused by dispersion hardening by Zr particles, which were formed before solidification and concentrated in the outer region in molten Mg by applied centrifugal force.
Summary
In this study, cylindrical shaped Mg based functionally graded material (FGM) was fabricated by a centrifugal method from ZK60A (Mg-5.5 mass%Zn-0.6 mass%Zr) alloy. The results are summarized as follows.
(1) The position dependence of the microstructure along the centrifugal force direction was found for the FGM. 
